Abstract: Stability and resilience of conifer-dominated vegetation communities following clear-cutting and slashburning in central British Columbia, were modeled across gradients of resource availability, fire return interval (FRI), and fire severity. We hypothesized that high resource availability and long fire-free intervals would enhance stability, whereas high resource availability and short fire-free intervals would confer resilience. Fire weather indices and pre-and post-burn fuel loads were recorded and vegetation regrowth monitored for 5-11 years at 12 sites. Stepwise regression was used to model rates of revegetation, increases in vascular species richness, and pre-and post-burn similarity of species composition as a function of the environmental variables. Predicted stability for four sub-boreal to subalpine vegetation communities with contrasting resource availability and FRI corresponded closely to our hypotheses. Rates of revegetation were more strongly correlated with resource availability, whereas composition-based response variables were more strongly correlated with the FRI. Based on revegetation rates, all ecosystems were predicted to have equal resilience. However, based on vegetation composition, mesic sub-boreal ecosystems were predicted to be more resilient than mesic subalpine ecosystems because the degree of change in species composition was less sensitive to increasing burn severity. More slashburned sites with a broader range of burn severities are needed to verify these preliminary models.
Introduction
As forest managers and policy makers become more aware of the pervasive influence of human activities on forest ecosystems, they have shown increasing interest in understanding and assessing the resilience of ecosystems, a topic that formerly was of concern mainly to theoretical ecologists (Whiteman et al. 2004; Drever et al. 2006) . In British Columbia, for example, the provincial Chief Forester recently launched a major initiative to adapt the existing forest management framework to achieve resilient forest ecosystems (Snetsinger et al. 2006) . The success of such initiatives will rest upon the ability of forest scientists to develop techniques for effectively measuring and monitoring ecological resilience.
Resilience refers to the ability of a dynamic system to recover from disturbances that profoundly alter its composition and structure. Holling (1973) distinguished between two concepts of resilience. The first or traditional concept, which he termed engineering resilience, emphasizes stability of the system near an equilibrium steady state and measures the ability or tendency of a system to return to a steady-state condition following disturbance (Sutherland 1974) . Holling (1973) proposed that since real-world ecosystems are almost always far from equilibrium, resilience is more appropriately measured as the amount of disturbance that a system can absorb before it changes its organizing processes and structures to an alternative state or stability domain. This second definition he termed ecological resilience.
The relationship between these two concepts can be illustrated by means of the familiar ball and cup heuristic of system stability (Gunderson 2000; Fig. 1a) , in which the vertical axis or depth of the cup indicates the rate at which the system returns to a stable state, whereas the horizontal axis or width of the cup indicates the amount of disturbance the system can absorb before the ball (representing the current state of the system) exits the cup for an alternative stability domain. We find the terms engineering resilience and ecological resilience to be cumbersome and will refer hereafter to the vertical (depth) component of the system as ''stability'' (i.e., the tendency for the system to remain at or return to an equilibrium state) and the horizontal (width) component as ''resilience'' (i.e., the amount of disturbance the system can absorb while still remaining within in its current stability domain).
Plant ecologists have often measured the stability of forests and other long-lived terrestrial plant communities (e.g., Halpern 1988; Rydgren et al. 2004 ). However, measurement of resilience, as defined here, is more difficult. The long generation times of the dominant tree and shrub species in forest ecosystems preclude direct experimental observation of alternative stable states (Connell and Sousa 1983; Schröder et al. 2005) . Therefore, indirect methods for assessing resilience in young forest communities must be developed. One approach for addressing this challenge is to estimate differences in resilience among vegetation communities across ecological gradients, rather than attempting to directly measure resilience within a single community. In this manuscript, we begin the difficult process of measuring resilience empirically in young postdisturbance forests through a modeling approach that assesses relative rather than absolute resilience.
Studies of forest succession after wildfire, clear-cut logging, volcanic eruptions, and windstorms have demonstrated the remarkable ability of plant communities to reassemble following major disturbances (e.g., Zobel and Antos 1997; Turner et al. 1998) . Many studies have focused on the mechanisms underlying succession after disturbance (e.g., Chapin et al. 1994) . Others have shown the essential role played by biological legacies, such as buried plant propagules, residual live patches, and downed woody debris in the recovery process (Franklin et al. 2000) . There has been less study of how the response of plant communities or ecosystems to catastrophic disturbances varies across geographic and environmental gradients (e.g., Denslow 1980; De Grandpré et al. 2003) .
In British Columbia, broadcast burning of clear-cut logging slash and residual vegetation (hereafter referred to as slashburning) was widespread during the 1970s and 1980s as a means of fuel hazard reduction and site preparation for planting. This silvicultural treatment entailed felling all living and dead trees within a cutblock typically 30-100 ha in size, mechanical removal of all merchantable boles, followed by aerial ignition of the residual and resprouting vegetation and organic debris. The radical nature of this forest disturbance and lack of a close analogue in nature (Haeussler and Kneeshaw 2003) Gunderson 2000) . (a) The ball represents the current state of the system; the cup represents its current domain of attraction. The depth of cup represents stability (persistence close to an equilibrium or steady state), whereas the width of the cup represents resilience (the amount of disturbance the system can absorb while remaining within the same domain of attraction). (b) Hypothesized stability and resilience for four contrasting forest ecosystems: (i) mesic sub-boreal (high resource availability, short fire return interval); (ii) dry sub-boreal (low, short); (iii) mesic transitional (high, long); and (iv) mesic subalpine (low, long). Table 1 . 
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Interpolated growing degree-days >5 8C (Wang et al. 2006 ).
Interpolated annual precipitation (Wang et al. 2006 ). § Soil moisture regime (Meidinger and Pojar 1991) . || Soil nutrient regime (Meidinger and Pojar 1991) . } Spruce site index in metres of height at age 50 years, calculated from equations of Klinka et al. (1996) and Wang and Klinka (1996) . **Fire return interval from DeLong (1998), modified for local topographic conditions after Rogeau et al. (2001) tractive candidate for investigating the phenomenon of ecosystem resilience to disturbance.
Patterns of vegetation succession after wildfire and after prescribed burn of clearcuts have been extensively documented in western coniferous forests (see Brown and Smith 2000 and references therein) . Many of the early and more geographically extensive studies assessed succession indirectly through a chronosequence approach (e.g., Dix and Swan 1971) . Studies that documented succession directly (e.g., Halpern 1988) were typically restricted to a few, nearby study sites. Our study is unique in that repeated sampling was done on 12 slashburned sites across a broad climatic and geographic gradient, enabling us to model the response of vegetation communities to burns of varying severity across gradients of resource availability and fire return interval (FRI).
Our objective was to use vegetation dynamics to model stability and resilience across a range of sub-boreal to subalpine forest ecosystems representative of the timberproducing forests of central British Columbia. We hypothesized that the most stable forest ecosystems would have high resource availability and long FRIs. By contrast, we hypothesized that the most resilient forest ecosystems would have high resource availability and short FRIs. In short, we anticipated that productive forest ecosystems with recurrent exposure to wildfire would best withstand high burn severities without undergoing a shift in vegetation structure and composition to an alternative stability domain. Our hypotheses for the relative stability and resilience of four hypothetical central British Columbia ecosystems representing the extremes of a high to low resource availability gradient and a short to long FRI gradient are illustrated in terms of the ball and cup model (Fig. 1b) . Ecosystems possessing both necessary attributes for stability or resilience were rated high for that property, those possessing one attribute were rated moderate, and those possessing neither attribute were rated low.
Methods

Study area description
Eleven study areas were situated in plateau and mountain forests of east-central British Columbia between 51846'N and 5586'N and 119813'W and 122859'W at elevations ranging from 770 to 1560 m ( Fig. 2 and Table 1 ). Seven were located in midelevation forests of the Sub-boreal Spruce (SBS) biogeoclimatic zone, two in high-elevation (subalpine) forests of the Engelmann Spruce -Subalpine Fir (ESSF) biogeoclimatic zone, and two were transitional between inland mountain rainforests of the Interior Cedar -Hemlock (ICH) biogeoclimatic zone and the SBS and ESSF zones. See Meidinger and Pojar (1991) for a description of this system of ecosystem classification. Within the study region, there is a strong northwest to southeast gradient of increasing elevation and decreasing growing degree-days accompanied by generally increasing precipitation and decreasing wildfire frequency from the Interior Plateau north of Prince George to the Quesnel Highland and Columbia Mountains physiographic regions northeast of Clearwater (DeLong 1998; Fig. 2 ).
All of the study areas were initially unmanaged mature to 
}
Values are as follows: -2, before logging; -1, after clearcutting but before prescribed burn; and 1-11, growing seasons after prescribed burn.
old-growth (125-to >300-year-old) forests dominated by white spruce (Picea glauca (Moench) Voss), Engelmann spruce (Picea engelmannii Parry ex. Engelm.), and their hybrids; subalpine fir (Abies lasiocarpa (Hook.) Nutt.); and lodgepole pine (Pinus contorta Dougl. ex. Loud var. latifolia Engelm.) with late seral understory vegetation ranging from ericaceous shrubs and feathermosses on well-drained, nutrient-limited sites to devilsclub (Oplopanax horridus Miq.), ferns, and leafy mosses on moist, nutrient-rich sites ( Table 1 ). The forests were clear-cut between 1985 and 1988 in the winter when the snow cover was deep enough to protect the vegetation outside of the skid roads from disturbance. Thus, minimal difference in pre-and post-logging understory species composition was evident shortly after logging (Hamilton and Peterson 2003; E.H. Hamilton, unpublished data) . Slashburning took place during the first growing season after logging on dates listed in Table 2 . The Otter Creek study area had both a spring burn (OS) and a fall burn (OF) (Hamilton and Peterson 2003) . Our study thus included 12 slashburned sites located within 11 study areas.
Field procedures
For all sites, Canadian forest fire weather index conditions (Van Wagner 1987) were recorded, depth-of-burn pins were inserted, and forest floor depths (L, F, and H layers) and woody fuel loads were measured along fuel assessment triangles (Trowbridge et al. 1987) prior to and immediately after the burn (Table 2 ). Depth-of-burn pins were also established in a grid pattern in the vegetation sampling quadrats. Corners of square quadrats and centres of circular quadrats were marked with metal rods.
Vegetation monitoring quadrats, 0.785 m 2 (1 m diameter circle), 9 m 2 (3 m Â 3 m), or 25 m 2 (5 m Â 5 m) in size, were established either prior to logging (three sites), just after logging and prior to slashburning (four sites), or shortly after slashburning (five sites) ( Table 2 ). An ocular estimate of percent cover and modal height was made for each vegetation stratum (conifers, tall shrubs, low shrubs, herbs and dwarf woody plants, and mosses), and percent cover was recorded for each vascular plant species on all sites one, two, three or four, and five growing seasons after slashburning and, for some sites, two (-2) or one (-1) growing seasons before and 10 or 11 years after slashburning ( Table 2) . Additional sampling details are found in Peterson (2003, 2006) and Hamilton (2006a Hamilton ( , 2006b ).
Data analysis
We used stepwise linear and nonlinear least-squares regression to develop models relating three plant community response variables (revegetation, diversity, and composition) to four predictor variables (time since fire, resource availability, FRI, and fire severity) ( Table 3) . Hamilton and Haeussler 2 tested many different indices of plant community response and environmental predictor variables and only their best variables are used in the current study.
Plant community response variables
For revegetation, which essentially measures how biomass accumulates after slashburning, the best descriptor was an index of vegetation volume production (V).
½ð% cover of all species in stratum iÞ Â ðmodal height of stratum iÞ
For diversity, we used a second-order jack-knife estimator (Hellmann and Fowler 1999) of site-scale vascular plant species richness (S J2 ) to compensate for differences in quadrat size and sampling intensity ( Table 2 ) among sites
where S obs is the observed gamma species richness across all quadrats at one site, Q 1 is the mean number of species per quadrat, Q 2 is the mean number of species in all possible combinations of two quadrats, and m is the total number of quadrats.
For composition, we used a Bray-Curtis (BC t 1 :t 2 ) distance measure (Legendre and Legendre 1998) , based on percent cover by species, to calculate the percent similarity between preburn (t 1 = -1 or -2 years at site CH) and postburn (t 2 = 5 or 10 years) plant community composition, only for the seven sites (Table 2) where preburn data were available.
Environmental predictor variables
To estimate resource availability, we used the site index (SI) of white or Engelmann spruce (estimated spruce height in metres at 50 years). White and Engelmann spruce hybridize extensively within the study region and are commonly treated as a single species, known as ''interior spruce.'' We used BC Ministry of Forests and Range (2005) SI estimates for all sub-boreal and transitional site types for which the site index was based on seven or more samples. For site types with fewer site index samples, we used the best fit equation of Wang and Klinka (1996) for sub-boreal sites, the equation of Klinka et al. (1996) for subalpine sites, and the mean of the two equations, weighted by elevation, for transitional sites.
Our estimate of the FRI was a refinement of the work of DeLong (1998). DeLong's estimated FRIs for large topoclimatic (landscape) units were adjusted for topographic effects such as valley orientation, elevation, and aspect using models developed by Rogeau 3,4 and Rogeau et al. (2001) for areas within and adjacent to the study region. 2 Fire severity was estimated by the depth of burn (DOB) in Table 3 . Regression models for plant community response to slashburning. (a) Revegetation response, (b) recovery of diversity, recovery of composition (c) 5 years and (d) 10 years after slashburning.
(a) Revegetation response.
Parameter estimates
Best general time-since-fire model (combined exponential and power function)
Best multifactor model (combined exponential and power function) Linearized form: 
Parameter estimates Parameter estimates 
Regression analyses
We first tested for statistical independence of the environmental descriptors, SI, FRI, and DOB, using scatter diagrams and Pearson's correlation coefficients (r). For the revegetation and composition regressions, we used quadratscale data (n = 1053 for V; 106 < n < 134 for C) that enabled us to take advantage of the full range of burn severities across each site. Data from each quadrat were weighted as the reciprocal of the number of vegetation monitoring quadrats per site so that sites with many quadrats did not unduly influence the regression equations. For diversity (S J2 ), we used unweighted site by year data (n = 64) that averaged burn severity across each site.
For revegetation and diversity regressions, we first developed a general model of the time-since-fire (t) relationship, then added the environmental predictor variables (SI, FRI, and DOB) and their interaction terms in a stepwise fashion to improve the relationship. We then took the first derivative (dV/dt, dS J2 /dt) of the multifactor time-since-fire model to assess the response rate. Time-since-fire was not included as an independent variable in composition models because C 5 and C 10 already factor in the effects of t. Instead, we found the best single-factor regression model using SI, FRI, or DOB, then added the remaining variables and interaction terms to that model in a stepwise fashion. The significance level for entry into all regression models was = 0.05. Because each regression observation did not represent a statistically independent combination of SI, FRI, DOB, and t (i.e., we did not sample 1053 unique slashburns), we addressed concerns about spatial autocorrelation in the quadrat scale models and temporal autocorrelation in the revegetation and diversity models by ensuring that residuals were reasonably normally distributed with respect to the y axis and that Durbin-Watson D statistics were within acceptable limits.
To test hypotheses about relative stability and resilience, we defined the four contrasting ecosystems of Fig. 1b as follows: mesic sub-boreal, SI = 22 m (high), FRI = 200 years (short); dry sub-boreal, SI = 15 m (low), FRI = 300 years (short); mesic transitional, SI = 20 m (high), FRI = 800 years (long); and mesic subalpine, SI = 12 m (low), FRI = 1000 years (long). We then plotted dS J2 /dt, C 5 , and C 10 against DOB ranging from 0 to 12 cm for each of these four representative ecosystem conditions. Because dV/dt was not time independent, we defined the maximum amount of revegetation (V max ) as
½5
V max ¼ fVjdV=dt ¼ 0; t 12 yearsg and the rate of revegetation (V rate ) as
We plotted eqs. 5 and 6 for the four sets of SI and FRI values above and for DOB ranging from 0 to 12 cm. For each ecosystem and each response variable (V max , V rate , dS J2 /dt, C 5 , or Table 3 (concluded). C 10 ), the y intercept (i.e., the value of the response variable at low burn severity) was interpreted as an estimate of stability, whereas the x intercept (i.e., the depth of burn at which the response variable approaches either 0 or ?) was interpreted as an estimate of resilience.
Results
Environmental gradients
The three environmental variables were not statistically independent of one another (r = -0.64 for SI versus FRI; r = 0.20 for SI versus DOB; r = -0.07 for FRI versus DOB; all p < 0.05), because low-elevation ecosystems tended to have high resource availability, short FRIs, and deeper, more uniform burns, whereas higher elevation ecosystems tended to have low resource availability, long FRIs, and shallow, spotty burns. Our study did, however, include one dry sub-boreal ecosystem with low resource availability and short FRIs, and several transitional and humid sub-boreal sites that had relatively high resource availability and long FRIs ( Table 1 ). The 12 study burns included within-site burn severities ranging from 0 to 11.3 cm DOB (Fig. 3) but did not encompass a full array of resource availabilities, FRIs, and fire severity extremes.
Model predictions and the ecosystem stability and resilience rankings, summarized below, were thus subject to two main, interacting sources of uncertainty. The first uncertainty was related to the number of samples representative of each of the four contrasting ecosystems, and the range of DOB of those samples. Dry sub-boreal sites were underrepresented in the sample, and sub-boreal sites generally had a narrower range of burn depths than transitional and subalpine sites (Table 4) ; thus, response behaviour of subboreal ecosystems at higher DOBs extrapolates the observed trend beyond the range of real data. The second source of uncertainty relates to the sensitivity of the model to differences in the predictor variables. Where the response curves are located close together relative to the variability reflected in the r 2 for the relationship, rankings should also be viewed as more uncertain.
Revegetation
The combined volume (V) of woody, herbaceous, and moss layers developed consistently across sites, rising rapidly in years 1-3, peaking at 5-6 years after slashburning, and then tapering off. This pattern reflects the dominant influence of tall herbs, notably fireweed (Epilobium angustifolium L.), in the early postfire vegetation, giving way to shrubs, coniferous trees, and mosses that have lower cover Â height indices than herbs during the first postfire decade. A combined exponential and power time-since-fire function gave the best fit to the quadrat-scale data (r 2 = 0.34; Table 3a) . SI, FRI, and DOB all significantly influenced the model parameters, with SI providing the most additional explanatory power (extra r 2 = 0.05), and FRI the least (extra r 2 = 0.003). Although SI, FRI, and DOB together controlled the rate at which the curve increased and decreased (parameters a and b, Table 3a), only DOB had a significant effect on the shape of the curve (parameter c, Table 3a , Fig. 4 ). The depth of burn at which the curve changed from concave downward to upward (DOB > 10 cm) was independent of SI and FRI. The implication of this relationship is that for revegetation, SI and FRI influenced stability but had no significant effect on resilience.
Plots of V max and V rate versus DOB (Figs. 5a and 5b) illustrate the predicted differences in revegetation stability and resilience for the four contrasting ecosystems. Contrary to our hypotheses, V max ranked stability as mesic sub-boreal > mesic transitional > dry sub-boreal > mesic subalpine, because of the dominant influence of SI on this variable. On the other hand, V rate ranked stability in accordance with our hypothesis (mesic transitional > mesic sub-boreal > mesic subalpine > dry sub-boreal), because it was positively correlated with both SI and FRI. For both V max and V rate , all four ecosystems were predicted to have equal resilience and to remain within the same domain of attraction at DOB below 10 cm.
Diversity
Across all sites, vascular plant species richness increased monotonically with time since fire, with the best general time-since-fire model being linear (R 2 = 0.30; Table 3b ). SI, FRI, and DOB all had a significant positive effect on the slope parameter b, but there were significant negative interactions between SI and FRI and between SI and DOB (R 2 = 0.65 for the combined model; Table 3b ). Thus, the relationship between diversity and burn severity was a complex one that could be positive at low SI (i.e., deep burns encourage vascular species invasion on poor sites), but negative at high SI (i.e., deep burns reduce preburn species survival and retard new species invasion on rich sites) with the rate of increase or decrease being influenced by FRI. When the rate of diversity increase, dS J2 /dt, was plotted against DOB for the four contrasting ecosystems (Fig. 5c) , mesic sub-boreal and mesic transitional ecosystems had higher predicted stability and lower predicted resilience (x intercept 12 cm) than mesic subalpine and dry sub-boreal ecosystems on which deep burns were predicted to increase species richness. Stability rankings for diversity were mesic sub-boreal > mesic transitional > mesic subalpine > dry sub-boreal, which is relatively close to our hypotheses. By contrast, resilience rankings for diversity (mesic subalpine > dry sub boreal > mesic transitional > mesic sub boreal) were the reverse of our hypotheses.
Composition
Percent similarity between preburn and 5 year postburn plant community composition (C 5 ) was correlated with DOB in a negative logarithmic relationship (R 2 = 0.35, Table 3 ), which predicted that quadrats with <1 cm of forest floor reduction would be 40% similar to preburn conditions at 5 years, whereas quadrats with 6-8 cm DOB would recover only 10% of their preburn composition over the same time period. Adding SI and FRI significantly improved the model (R 2 = 0.62; Table 3c ). Longer FRIs raised the intercept (i.e., greater stability) and steepened the negative slope of the line (i.e., lower resilience), but there was a significant interaction between SI and FRI such that higher SIs reduced the effect of FRI on the intercept and slope. As a result, the plot of C 5 versus DOB for the four contrasting ecosystems (Fig. 5d ) predicts stability rankings as mesic subalpine > mesic transitional dry sub-boreal > mesic sub-boreal and resilience rankings as mesic transitional mesic sub-boreal > dry sub-boreal > mesic subalpine. Only the mesic subalpine ecosystem was predicted to shift to an alternative stability domain within the range of DOB experienced in our study (at DOB = 6 cm).
Ten years after slashburning, plant communities were, on average, 4% more similar to unburned conditions than they had been at 5 years. C 10 was not as strongly correlated with DOB as C 5 , but was well correlated with FRI in a concave upward quadratic relationship (R 2 = 0.43; Table 3c ). In other words, although fire severity strongly influenced early recovery patterns, the FRI had greater impact on compositional changes that affect succession over longer time frames. Both SI and DOB interacted significantly with FRI to reduce the c parameter of the quadratic equation (R 2 = 0.48; Table 3c ). Thus, the C 10 equation predicts that, at higher SI and DOB, the similarity to preburn conditions will be lower, most notably for ecosystems with long FRI. The graph of C 10 versus DOB (Fig. 5e) shows that long FRIs were associated with stability (mesic subalpine > mesic transitional > mesic sub-boreal > dry sub-boreal), whereas short FRIs were associated with resilience (mesic sub-boreal > dry sub-boreal > mesic subalpine > mesic transitional).
Discussion
Our premise for this study was that sub-boreal to subalpine forest vegetation communities of central British Columbia would differ in their stability and resilience after slashburning across gradients of resource availability (measured as the spruce SI) and prior exposure to wildfire (measured as the FRI). We hypothesized that ecosystems with abundant resources (high SI) and long FRIs would be the most stable -that is, they would most quickly return to their original state provided the slashburn was of relatively low severity (measured as DOB) -and that ecosystems with abundant resources (high SI) and short FRIs would be the most resilient -that is, they would absorb the most severe Note: Hypothesized stability and hypothesized resilience are from Fig. 1 . Observed stability and resilience ranks are from Fig. 5 . The three-way rank assigns equal weight to revegetation, diversity, and composition. The two-way stability rank assigns equal weight to composition-free (V max , V rate , and S J2 ) versus composition-based (C 5 and C 10 ) indicator variables.
burns without shifting to an alternative stability domain. We expected interactions between SI and FRI but did not develop formal hypotheses about which of these two factors was more important and under what circumstances. What we found was that, although all of our plant community response variables (V max , V rate , dS J2 /dt, C 5 , and C 10 ) were significantly correlated with SI, FRI, and DOB, the shape of the response surface and the degree of interaction among the environmental variables varied substantially according to the response variable selected (Table 4) . Consequently, few universal conclusions can be drawn regarding the relative stability or resilience of these forest plant communities; their ranking depends to a large degree on which qualities or characteristics of the vegetation community are deemed to be important for meeting ecosystem management goals. As shown by the differences between C 5 and C 10 , the rankings are also time sensitive.
Stability, in agreement with our hypothesis, was positively associated with both SI and FRI. However, revegetation (particularly V max ) and diversity were more strongly influenced by resource availability than by fire history. Therefore, if we disregard taxonomic composition and consider the most stable ecosystem to be the one that most rapidly reacquires biomass and species diversity after slashburning, our models predict that a mesic sub-boreal ecosystem (highest SI and shortest FRI) will be more stable than a mesic transitional or a mesic subalpine ecosystem, both of which have longer FRIs. On the other hand, species composition was more strongly influenced by FRI than by SI. Thus, if we deem taxonomic composition to be important, we will conclude that mesic subalpine communities (lowest SI but highest FRI) are the most stable, because they remain most similar to their preburn composition after slashburning. Although model predictions for such ecosystem conditions are highly uncertain because of the small sample size, one universal prediction is that a dry sub-boreal ecosystem with low SI and short FRI will have low stability (Table 4 ). The single study site (IC) that best represented these ecosystem conditions was a gravelly lodgepole pine -blueberry ecosystem that had slow rates of revegetation, had relatively low species richness, and was invaded by short-lived seedbanking herbs and trembling aspen after slashburning.
Resilience is considerably more difficult to assess than stability, because we have so little concrete evidence, particularly in 5-to 11-year-old forest plant communities, as to what constitutes a switch to an alternative stability domain (c.f., Bastow-Wilson and Agnew 1992; Schröder et al. 2005) . At this stage in our field-based studies, the notion is more abstract than real, because we have only one decade of successional data and because our study sites did not include a full suite of exceptionally high severity burns that would have definitively exceeded the recovery capacity of these ecosystems. We proposed a mathematical criterion, the x intercept, as our estimate of resilience -fully recognizing that many of our resilience predictions involve extrapolating beyond the burn depths that are well represented in our study and may be empirically unrealistic. For example, for C 5 and C 10 , the DOB at which the similarity between preand post-burn plant community composition reaches zero Table 3a ). The x axis is time since fire (years), the y axis is depth of burn (cm), and the z axis is vegetation percent cover Â height (ht), by layer. In all cases, the response curve switches from concave downward to upward at DOB > 10 cm, beyond or near the limit of observed data for similar ecosystems (Table 4) .
was defined as the point at which the community shifts to an alternative stable state (Figs. 5d and 5e). A real-world similarity curve would approach zero asymptotically, and a switch to an alternative stability domain does not absolutely require that the two alternative states have no plant species in common. Despite these deficiencies, the x intercept provides a simple and relatively intuitive way to begin quantifying resilience (i.e., the amount of disturbance absorbed = DOB).
We view these models as preliminary and have begun to refine them with additional data sets covering a more complete range of ecosystem conditions, a greater range of burn severities, and longer time periods. The revegetation response surfaces (Fig. 4 ) more clearly illustrate how our resilience criterion relates to complex systems theory and to the ball and cup diagram in Fig. 1 . In complex systems theory, a dynamic system fluctuates under the influence of an attractor, defined as a region in the space of possible states that the system can enter but cannot leave. The shift from one stability domain to another occurs when the original attractor dissipates -as a result of disturbance, for example -and a new attractor restructures the system under a different set of dynamic constraints (Drake et al. 1999) . Our exponential-power function model predicts that, for burns of less than 10 cm depth, the shape of the vegetation cover Â height trajectory will remain constrained by the same attractor -increasing rapidly for the first few years then falling off during the transition from dominantly herbaceous to dominantly woody vegetation. This trajectory is presumably driven by the well-known postburn nutrient flush or ''assart'' effect (Kimmins 1997) . At burn depths exceeding 10 cm, the equation predicts that vegetation regrowth will be governed by a different attractor and assume a different trajectory. Because our study included few vegetation quadrats with DOB > 10 cm, we cannot reliably predict what that trajectory might be. The model also inadequately addresses the question of what happens on sites with a total humus depth of less than 10 cm. Nonetheless, we conclude that burns of similar severity to those in our study within this range of sub-boreal to subalpine ecosystems will not result in a shift of the general revegetation response to an alternative state.
The diversity response depicted in Fig. 5c is difficult to Predicted effect of burn severity on revegetation, diversity, and species composition for the four contrasting ecosystems using multifactor models from Table 3 . (a) The amount of revegetation, which is the maximum percent cover Â height achieved in the first decade after burning. (b) The rate of revegetation, which is the reciprocal of the time required to reach the maximum. (c) The rate of increase in species richness (second-order jack-knife estimate). (d) and (e) Percent similarity in species composition to unburned condition 5 and 10 years after prescribed burning, respectively. As indicated by double-headed arrows, the y intercept for each curve estimates ecosystem stability, whereas the the upper (Fig. 5a ) or lower (Figs. 5b-5e) x intercept estimates ecosystem resilience.
interpret without considering underlying changes in species composition that may occur after slashburning. For this modeling exercise, we assumed that an increase in vascular species richness after slashburning was an indicator of ecosystem recovery and that the more rapid the rate of increase, the greater the degree of recovery. Given that all of our study sites experienced monotonic increases in species richness over the first decade after fire, this appears to be a valid assumption. However, our models predict that, on resourcerich ecosystems, the rate at which species richness grows will decrease with higher burn severity, whereas the rate will increase on resource-poor ecosystems. This result is counterintuitive, because species richness increases with resource availability. We believe it reflects competitive exclusion, mainly by Epilobium angustifolium, which is more intense on resource-rich ecosystems (Huston 1994 ) and after more severe fires (Haeussler et al. 1990 ). On resource-rich ecosystems, deep burns create ideal conditions for rapid Epilobium invasion to the point of excluding other species; on slow-growing, resource-poor ecosystems, deep burns open up seedbeds for ongoing species invasion. The question of whether either of these phenomena represent a transition to an alternative stability domain can best be answered by comparing pre-and post-burn plant composition by species.
Our study included a good representation of sites (8 or 9 of 12) along the gradient from mesic subalpine (low resource availability and long FRI) to mesic sub-boreal (high resource availability and short FRI). Both the 5 and 10 year models of pre-and post-burn similarity of species composition predict that mesic subalpine ecosystems are less resilient than mesic sub-boreal ecosystems (Table 4) , although the 5 year model predicts a shift for subalpine ecosystems to an alternative stability domain at DOBs >6 cm, whereas the 10 year model suggests a shift closer to 12 cm.
Mesic subalpine ecosystems with plant communities dominated by fire-sensitive feathermosses, mycoheterotrophic, and late-seral herbs, ericaceous shrubs such as Vaccinium, Rhododendron, and Menziesia, and coniferous trees have a limited capacity for resprouting after disturbance (Coates et al. 1991) . They are likely to be particularly sensitive to dual, short-interval disturbances such as those associated with clear-cutting followed immediately by a broadcast burn. By contrast, mesic sub-boreal sites at lower elevations and with more frequent past exposure to fire possess a greater diversity of plant species representing a variety of plant functional groups 2 with a greater capacity for seed regeneration and more rapid resprouting and rhizomatous growth. Thus, subboreal plant communities are predicted to be relatively insensitive to fires of increasing severity. High species richness and redundancy within functional groups have been demonstrated to be associated with increased resilience in ecological communities (Tilman et al. 1997; Elmqvist et al. 2003) .
In boreal forests of northeastern Canada, De Grandpré et al. (2003) reported a strong shift in the dominance and diversity of plant functional groups along a gradient from long (>250 year) to short (50-100 year) FRI and linked these inherent differences to patterns of species persistence and invasion following logging with low to high severity forest floor disturbance. In these boreal landscapes, a switch from a black spruce -ericaceous shrub dominated forest to a poplar-dominated mixed-species forest with markedly different understory composition and nutrient cycling processes has been recorded following disturbances that substantially remove the forest floor (Carleton and MacLellan 1994) . In contrast, mixedwood boreal forests with diverse, multilayered understories do not undergo an observable shift in species composition after high-severity logging. We conclude that the differences in resilience predicted by our slashburning models for sub-boreal to subalpine ecosystems are analogous to these observed differences in the boreal forest.
